As the high-resolution model was obtained from a polymerized form of tubulin (Nogales et al., 1998a), the strucMicrotubules are ubiquitous cytoskeletal elements built ture of the complete protofilament is readily available by the self-association of ␣␤-tubulin dimers. The polyfrom the electron crystallographic data. Thus, docking merization process involves two types of contacts bethe high-resolution and low-resolution structures was tween tubulin subunits: head-to-tail binding of dimers greatly facilitated by fitting the protofilament as a unit. results in protofilaments that run along the length of the Fitting was carried out first manually by rotating the microtubule, and lateral interactions between parallel atomic model of the protofilament around its axis and by protofilaments complete the microtubule wall. Adjacent translating along the microtubule length. This procedure protofilaments are offset axially, resulting in a helical was repeated for both the up and down orientations of lattice of monomers that is occasionally interrupted by the protofilament. Only one orientation, rotation, and a "seam" where the lateral interface between protofilatranslation fit within the microtubule map, unambiguments involves heterologous contacts (␣-␤) between ously defining the polarity and orientation of the protofilmonomers. The longitudinal contacts along protofilaament atomic model (Figures 1B-1D) . Subsequently, the ments appear to be much stronger than those between fitting was quantitatively tested by computing a correlaadjacent protofilaments, based both on the fact that tion between the microtubule reconstruction and a dendepolymerization involves the peeling of protofilament sity map calculated from the atomic model at a resolufragments from the microtubule ends (Mandelkow et tion of 2 Å . As a function of rotation of the model about al., 1991) and on the recurrence of the protofilament the protofilament axis, the correlation has a strong peak structure in all characterized tubulin polymer forms, for that defines the orientation of the model to within ‫5ف‬Њ example rings, spirals, sheets, or ribbons. Only in micro-( Figure 1E ). Such rotation would result in movement at tubules and zinc-induced sheets are the protofilaments the outer surface of the protofilament of less than 3 Å . straight. In contrast with the microtubule, the zinc sheets The orientation obtained by this method is the same as are formed by the antiparallel association of protofilathat found by the visual docking. Similarly well-defined ments (Amos and Baker, 1979). correlation peaks were found for translation along and perpendicular to the axis, defining the position to within ‫3ف‬ Å (data not shown), although these other degrees § To whom correspondence should be addressed (e-mail: enogales@ lbl.gov).
protofilaments. When the model was tested with the formation of the dimer are totally conserved within the ␣-and ␤-tubulin subfamilies, and about 40% of those polarity inverted, the best correlation was 0.40, well below the maximum obtained for the protofilament in the at the dimer-dimer interface (data on conservation from Burns and Surridge, 1993). The most prominent interacup orientation.
tions between residues of consecutive monomers are shown in Table 2 . The nucleotide lies in the center of the The External and Lumenal Microtubule Surfaces interface and plays an important role in the interaction The overall surface topography of the microtubule wall (Figure 2 ). Three major areas of longitudinal contacts in the model follows closely the general features seen between tubulin subunits are defined in Tables 1 and 2 and with a highly conserved region in the H11-H12 loop The intersection between the two sets of grooves bein the next monomer down. The last area, zone C, is tween the protofilaments creates holes or fenestrations close to the lumen of the microtubule and involves direct in the wall. These fenestrations were prominent features interaction of loop T7 with the nucleotide and adjacent in negative stain reconstructions (Amos and Klug, 1974).
regions of the previous monomer, T1, H2, and H7. The high-resolution model now brings these fenestraResidue differences between the intradimer and intertions into sharp focus and reveals them as open chandimer interfaces are indicated in Table 2 . Some of those nels approximately 10 Å in diameter ( Figures 1B and 5) .
residues contribute to the interface via their main chain The outside surface of the microtubule is dominated atoms. A cluster of significant side chain differences by the C-terminal helices H11 and H12 and the wellis present in zone C. Side chains involved directly in defined loop between H10 and S9 ( Figure 1D ). These contacts at the intradimer interface, ␤:Q247, ␣:T225, structural elements define a shallow zigzag path on the ␣:T73, and ␣:G77 ( Figure 3E ), have disappeared or been crest of each protofilament. The atomic model of tubulin shortened for the interdimer contact: ␣:G247, ␤:G225, lacks the last 18 C-terminal residues in ␤-tubulin and ␤:G73, and ␤:S77 ( Figure 3F ). Two major differences are the last 10 residues in ␣-tubulin, which are disordered present in zone B. Residues ␤:R253 and ␣:D98 form a in the zinc sheets. As the high-resolution structure fits salt bridge at the intradimer interface ( Figure 3C ), which snugly within the 20 Å resolution microtubule map with must contribute significantly to the energy of dimer forno unoccupied space, it follows that these C-terminal mation (these residues are totally conserved in all known regions are also disordered in microtubules assembled ␣-and ␤-tubulin sequences). The equivalent residues from purified tubulin. Completing the outside surface of at the dimer-dimer interface are ␣:T253 and ␤:G98 the microtubule are, on one side of the crest, the H8-( Figure 3D ). The result of these differences is that the S7 loop, the C-terminal halves of H4 and H5, and the longitudinal interface toward the lumen of the microtu-H11-H12 loop; on the other side are H10, the H9-S8 bule is significantly weaker between dimers than beloop, and the last residues in loop T5. tween monomers within the dimer. Finally, an important In contrast to the outside surface of the microtubule, additional difference is the residue at position 254. In where long alpha helices are the predominant feature, ␤-tubulin, this residue is a lysine that sits very close to the inside surface is dominated by the presence of long the ␥-phosphate at the N site ( Figure 3C ). In ␣-tubulin, loops: the H1-S2 loop, the H2-S3 loop, and the S9-S10 the residue is a glutamate that has been proposed to loop ( Figure 1D ). This last loop, together with parts of catalyze polymerization-driven hydrolysis at the E site H1, H6, H7, and S7 in ␤-tubulin, form the taxol-binding (Nogales et al., 1998b) , based both on the position of pocket in the high-resolution structure from zinc sheets the residue in the tubulin atomic model ( Figure 3D ) and (Nogales et al., 1998a) (see Figure 5) . on mutagenesis studies of the equivalent residue in FtsZ (Dai et al., 1994) . Alanine scan mutations in yeast Longitudinal Contacts in Protofilaments ␤-tubulin have shown D251A-R253A-K254A to be a leThe longitudinal interfaces between monomers and dithal mutation (Reijo et al., 1994) . mers (intradimer and interdimer interfaces, respectively) are very similar topologically and involve equivalent Lateral Contacts between Protofilaments structural elements in ␣-and ␤-tubulin. We will focus Docking the high-resolution model of the protofilament first on the common attributes of these two contacts.
into the microtubule map places a number of structural The interfaces are very extensive, with a total surface elements on the sides of the protofilaments in close of about 3000 Å 2 being buried upon formation of the proximity to each other. These elements lie at low microdimer (Nogales et al., 1998b) Table  of the protofilaments (Ϯ5Њ) is more than sufficient to 2). The structural elements interacting at this interface clearly identify the structural elements that are involved are indicated in Table 1. in the protofilament interactions in the microtubule (Table 1). Determination of the precise residues involved Approximately 52% of the residues involved in the Table 1 
. Interacting Elements in Tubulin Subunits
Interactions between secondary structure elements of tubulin at longitudinal and lateral interfaces. Three main zones of interactions, A, B, and C, can be recognized at the longitudinal interface (see Table 2 for an account of the residues directly involved in this interaction). For lateral interactions, the sections of the sequence most likely to be involved in the contact are indicated in parentheses.
in lateral interactions would not be meaningful, because the different interprotofilament geometry in zinc sheets and microtubules strongly suggests some local conformational changes in the regions of interaction, particularly concerning loops. side of the interface (H3, loops H1-S2 and H2-S3, S3, Table 2 . Longitudinal Interactions and H4), in particular a two-residue insertion in ␣-tubulin within the H1-S2 loop. These sequence differences between the ␣ and ␤ subunits are at the heart of the definition of the microtubule lattice, that is, the preference between homologous (B lattice) and heterologous (A lattice/seam) lateral contacts.
Discussion

Microtubule Docking
The excellent fit of the atomic model of tubulin from zinc-induced sheets into the microtubule reconstruction strongly indicates that the conformation of the protofilament is highly conserved for the two polymers, with no major change in the structure of tubulin or in the longitudinal contacts between subunits. Differences between the two polymers should therefore be restricted to local changes at the sites of lateral interactions. The detailed complementarity in the shape of the microtubule map and the crystal structure of the protofilament made the visual docking straightforward. Calculation of the correlation between the two structures confirms the manual fit and gives a quantitative measure of the precision of the docking. The correlation plots indicate that the rotation is very highly constrained to within five degrees, corresponding to less than 3 Å movement at the molecular surface. This level of uncertainty, which is of the same order of that for translation and radial displacement, does not affect the identification of the structural elements involved in lateral contacts between tubulin subunits.
In previous reports, the tubulin dimer was defined based on the position of the hydrolyzed (exchangeable) and nonhydrolyzed (nonexchangeable) nucleotides, the There is thus within the dimer than at the dimer-dimer interfaces, parconsiderable flexibility in the interprotofilament contacts ticularly near the lumen of the microtubule. This observathat must be capable of accommodating different angles tion suggests that the loss of the ␥-phosphate at the E between adjacent protofilaments (‫02ف‬Њ-40Њ from plasite, which is directly involved in contact between dinar). In this context, the N-and C-terminal parts of the mers, should further weaken the interaction between M loop seem to be well placed to function as a hinge. dimers at lower radius, promoting the outward curling They position the middle part of the loop away from the of the protofilament and its consequent disassembly, tubulin surface and could allow it to swing azimuthally. as observed by cryoelectron microscopy (Mandelkow H3 is similarly articulated, though perhaps not to the et al., 1991). same extent, by loops at each end of the helix. Thus, The accuracy of the docking allows us to identify the parts of the polypeptide chain before and after the interstructural elements in tubulin involved in lateral interacacting regions of the M loop and H3 could provide flexitions. Identification of the precise residues is not possibility without compromising the interactions between ble, not only because the present docking has a certhese structural elements. tainty of about 3 Å (corresponding to 5Њ of rotation), but also because the elements involved in the contact are expected to change conformation, to a certain extent, Nucleotide Hydrolysis and Dynamic Instability As described before, the docking, together with the defiin the presence of zinc. That conformational change, related to the antiparallel arrangement of protofilaments nition of the dimer, leads to the conclusion that the plus end of the microtubule is crowned by ␤ subunits and a new polymerization event. This means that, except under conditions where hydrolysis and/or P i release is the minus end by ␣ subunits (Figure 1) . Furthermore, given the positions of the nucleotides at the interfaces slow compared to subunit addition (i.e., high concentration of free GTP-tubulin), no GTP cap should exist at between subunits, the nucleotide at the E site in the last dimer faces the solvent at the plus end, explaining the the minus end. The involvement of the nucleotide in longitudinal connucleotide exchange observed to occur at plus ends (Mitchison, 1993) . Upon arrival of a new dimer at the tacts and the central role of H3 in lateral interactions are of special relevance for dynamic instability. T3, the plus end, residues in loop T7 and helix H8 in ␣-tubulin of the incoming dimer interact with the nucleotide of the loop preceding H3, is directly involved in binding the ␥-phosphate and should be particularly sensitive to hyreceiving ␤ subunit (Nogales et al., 1998b) . This nucleotide is consequently hydrolyzed, and the resulting GDP drolysis of the E site nucleotide (Nogales et al., 1998b) . In that respect, and in spite of the established differences becomes buried in the interface and therefore nonexchangeable. As GTP in the newly added dimer is unafbetween tubulins and the classical GTPases (Nogales et al., 1998b), loops T3 and H3 can be considered the fected by polymerization, the plus end should have a layer of GTP subunits. equivalent of the Switch II region. We postulated above how the loss of the ␥-phosphate should weaken the The situation at the minus end is different. The receiving minus end is formed by the surface of ␣-tubulin dimer-dimer interface, inducing the curling and subsequent disassembly of the protofilament. Lateral interaccontaining the catalytic residue, and it is the E site nucleotide of the incoming dimer that is hydrolyzed following tions should also be affected by nucleotide hydrolysis through H3. Hydrolysis could induce a conformational be designed to stabilize microtubules in a taxol-like fashion. change in H3 transmitted directly through T3, resulting in weakening of the contacts between adjacent protofilaments. It is not difficult, therefore, to imagine that the Conclusions presence of the ␥-phosphate is required to maintain Our model of the microtubule establishes the position strong lateral interactions and that these interactions of the different structural elements in tubulin with reat the capped ends could be enough to stabilize the spect to the inside and outside and plus and minus ends structure of the whole polymer. of the microtubule. It identifies the regions in the tubulin The stability of a microtubule end could be determined sequence involved in longitudinal and lateral interacmainly by the lateral interactions at the very last monotions and provides insight into the differences between mer, with the second monomer in the dimer having a intradimer and interdimer interactions and between A smaller additional effect. The effect of hydrolysis on and B lattices. The model allows us to link the processes lateral contacts should be limited mostly to the ␤ subof polymerization and hydrolysis and provides insight unit, establishing further differences between the plus into the effect of hydrolysis on the depolymerization of and minus ends. The last lateral contact at the minus microtubules and on the stabilizing effect of taxol. Fiend is always made by an ␣ subunit and should be nally, the model correlates the different dynamic behavbasically the same, independent of the nucleotide state.
iors of the plus and minus ends with the fact that only Thus, the minus end will be fairly stable with respect to one monomer in the tubulin heterodimer is regulated by lateral interactions (even in the absence of a GTP cap), its nucleotide state. with a strong "terminal" contact between ␣ subunits. In contrast, the plus end will be in one of two very different In summary, the minus end should generally lack a Microtubules with 15 protofilaments and a four-start helix, having a true helical arrangement of tubulin monomers, were selected for GTP cap, but will end on laterally interacting ␣-tubulins. 
